In this paper we demonstrate that the residual stress introduced by several different surface finishes affects the critical current density for passivation and the passive current density in the anodic polarization curve of austenitic stainless steel and that those critical current densities can be reduced by controlling the residual stress by applying a cavitating jet to the backs of specimens. The results show that the current density either increased or decreased depending on the surface finish, and that was decreased by introducing compressive residual stress for all surface finishes.
Introduction
The objective of this paper is to demonstrate the effect of residual stress on the corrosion behavior in austenitic stainless steel 316L. Residual stress is introduced into machine components and structures by surface finishing and/or heat treatments, and this affects the fatigue life and resistance to stress corrosion cracking [1] [2] . Several surface finishes such as a polisher and grinder are used for finishing the surface and removing the asperity generated by welding process at surface of components and structures. For improving the reliability of components and structures, mitigating the tensile residual stress is needed. The introduction of compressive residual stress in the surface layer can enhance the fatigue life and resistance to stress corrosion cracking, whereas tensile residual stress does the opposite [3] [4] . For this reason, peening techniques using the impact of shot [5] , cavitation bubbles collapsing [6] or pulsed laser [7] have been developed in order to introduce compressive residual stress in practical applications. Since the residual stress at the surface is a significant factor, it is important to understand the effect of this on the corrosion behavior of materials, particularly for components and structures used in cor-rosive environments. Therefore, in this paper, we show the effect of the residual stress, not on stress corrosion cracking, but on the corrosion behavior. We do this by measuring the anodic polarization curve, and evaluating the critical current density for passivation and the passive current density while controlling the residual stress at the surface.
Improving the resistance of a material to corrosion is necessary to increase its life and reliability in a corrosive environment; consequently, several studies have been conducted on the corrosion behavior of metals. In particular, stainless steel has been developed for use in corrosive environments, and the corrosion resistance and electrochemical behavior have been widely studied [8] - [11] . The corrosion behavior can be evaluated from the polarization curve, which is obtained by measuring the current density as it varies with applied voltage in steel soaked in a corrosive solution. In this paper, the applied voltage was increased from the natural potential which is the equilibrium potential of the cathodic and anodic reactions. The current density required to generate a passivation film, i.e., the critical current density for passivation, and the current density required to maintain the passivation layer, i.e., the passive current density, were used as indices of corrosion behavior by reference to previous studies [10] [11] .
In the case of stainless steel, it is well-known that chromium reacts in preference to iron and that the progress of corrosion is suppressed by generating a passivation film. The corrosion behavior is affected by several factors such as the metallic structure, i.e., whether it is austenite, martensite or ferrite. The current density in austenite was increased by generating ferrite and carbide by a heating effect during the welding process [12] . In contrast, it was decreased by laser peening and shot peening with the introduction of compressive residual stress and nanocrystallization in 316L and 304 stainless steels [13] - [15] . It has been reported that the cold rolling ratio, which includes changes in the metallic structure and the residual stress, affects the corrosion behavior in 304 and 316L stainless steels [16] - [18] . Since there is a possibility that the residual stress in the surface layer affects the critical current density and the current density for passivation which are closely related to formation and retention of the passivation layer, it should be investigated. Several surface finishes are used at the end of process such as removing the roughness generated by welding process in the chemical and/or power plant. It affects the surface texture [19] and the sensitivity of stress corrosion cracking. A. Turnbull demonstrated that the surface machining and grinding affected the residual stress at surface layer, and consequently, it affected the stress corrosion cracking behavior [20] .
In this paper, in order to demonstrate the effect of residual stress on the corrosion behavior in austenitic stainless steel, specimens made of Japanese Industrial Standards JIS SUS316L were treated by several different surface finishes, and then subjected to a corrosion test using an electrochemical method. The residual stresses in the specimens were controlled by generating curvature in them by exposing the backs of them to a cavitating jet. The effect of residual stress on the current densities related to generating and maintaining a passivation film at the surface was investigated. Figure 1 shows a schematic diagram of the apparatus used to measure the anodic polarization curve. This measurement was conducted based on the Japanese Industrial Standards JIS G 0579. The corrosive solution was a 5 percent by mass H 2 SO 4 solution. The solutions were prepared by adding the requisite amount of ion-exchanged water, with the temperature maintained at 30 degrees Celsius in a temperature-controlled bath. The test electrode was the specimen. The counter electrode and reference electrode were a platinum electrode and a silver-silver chloride (Ag/AgCl) in saturated KCl electrode, respectively. Only an area of 24 mm diameter was exposed to the solution using the plastic holder shown in Figure 2 . The standoff distance between the surface and the Luggin probe is 1 mm. Before conducting the corrosion test, the test solution was deaerated by flowing Argon gas through it at greater than 100 ml/min for more than half an hour, and the surface of the specimen was cathodically treated for 10 min with the potential on the potentiostat at −0.7 V (Ag/AgCl) in the solution. The specimen was then left for 10 min at its natural potential. Finally, the anodic polarization curve was measured by running the potentiostat from the natural potential to 1.1 V (Ag/AgCl) at 20 mV/min with 5 second intervals.
Experimental Apparatus and Procedures
Each specimen was made of well-tempered 316L austenitic stainless steel. The chemical composition is shown in Table 1 . They were square specimens with a thickness of 2.8 mm and side length of 35 mm as shown in Figure 3 . The surfaces of the specimens were finished by several different surface finishes as shown in Table 2 .
The effect of residual stress on current density was investigated after surface finishing; however, there are factors other than residual stress that vary with surface finishing that can affect the corrosion behavior. In order to investigate the effect of residual stress without altering the metallic structure of the specimen introduced by the surface finish, the residual stress was controlled by exposing the back of the specimen to a cavitating jet to generate curvature and introduce compressive stress at the front [21] . Figure 4 shows a schematic diagram of the cavitating jet apparatus. A high-speed water jet pressurized by a plunger pump is injected through a nozzle into a water filled tank, generating cavitation around the shear layer of the jet. The cavitating conditions were determined based on previous results [22] . The injection pressure of the cavitating jet and the pressure in the tank were set to 30 MPa and 0.42 MPa, respectively. In addition, the nozzle diameter and the standoff distance between the nozzle and the specimen were 2 mm and 85 mm, respectively. To vary the curvature generated by the cavitating jet, i.e., to vary the compressive residual stress, the specimens were exposed to the jet for various times (0, 10, 20, 40, 80 seconds), and the variation of the residual stress with curvature was evaluated by the sin 2 ψ method. The surface residual stress caused by the surface finish, σ R , was evaluated using an X-ray diffraction method employing an X-ray tube with a Cr target operated at 30 kV and 8 mA. X-rays from the Kβ peak were chosen. The angle of the solar slit was 1 degree and the slit width was 4 mm. The diffractive angle 2θ was varied from 143.5 to 153.5 degrees in steps of 0.2 degree, and the diffractive X-rays were counted for 3 sec. at each step using a scintillation counter at angles of ψ = 0, 22.8, 33.2, 42.2 and 50.8 degrees. The diffractive plane was the (3 1 1) plane of γ-Fe. The diffractive angle without strain 2θ 0 was 148.5 degrees, and the stress factor was −368.9 MPa/deg. The diffractive angle was determined by a half value width method, and the residual stress was calculated by a sin 2 ψ method. In addition, in order to investigate the effect of the surface finish on the X-ray profile, it was obtained by employing a Cu target operated 40 kV and 40 mA. The diffractive plane was the (1 1 1) plane of γ-Fe. After measurements of the residual stress and X-ray profile, anodic polarization measurements were conducted using the above conditions. Figure 5 shows the residual stresses at the surface generated by each surface finish. In Figure 5 , the residual stresses, σ R , before surface finishing (electropolish) are 19 MPa, and after surface finishing they have several various values. In particular in the case of specimen D (Angle grinder), a large tensile residual stress was introduced, with σ R = 315 MPa. The residual stress for specimens B (Emery paper #800), C (Rubber polisher #240) are 192 and 257 MPa in compression, in contrast to specimen D (Angle grinder). The difference in residual stress is due to the different surface finish, and this may generate different corrosion behavior. The following paragraph describes the differences in the anodic polarization curves obtained from the corrosion tests. Figure 6 shows the current density as a function of electrode potential for each specimen. The current density was obtained by dividing the current by the test area. As shown in Figure 6 , the current density varies depending on the surface finish. The surface finish affects the surface texture such as dislocation structure at surface produced by plastic deformation in the process of surface finish, grain size and residual stress at the metal surface. However, it is difficult to pick over the effect of those factors on the corrosion behavior, and the objective of this study is to investigate the effect of residual stress. At the same time, these other effects can be excluded by control of the residual stress only. We varied the residual stress without change of other factors, as described in the following paragraph. Figure 7 shows the changes in residual stresses, Δσ R , due to the application of a cavitating jet to the backs of the specimens as functions of exposure time, t. Despite the small differences, in each case, the residual stress becomes increasingly compressive, with increasing cavitating jet processing time. These increase up to a processing time of ~40 sec., and then saturate beyond that. Apart from specimen D (Angle grinder), Δσ R is about 80 MPa -200 MPa. In the case of specimen D, Δσ R is almost 300 MPa. Figure 8 indicates that this method can be used to control the residual stress and can be applied to exclude factors other than residual stress which affect corrosion behavior. Figure 8 shows the anodic polarization curves for each surface finish for various exposure times to the cavitating jet. Despite the small difference, the current density in the passive region decreases as a whole with increasing processing time for all specimens as shown in Figure 8 . The current densities for each specimen at t = 10 sec. and 20 sec. decrease rapidly from those at t = 0, and show the same tendencies as the variations in residual stresses shown in Figure 7 . In order to clarify the effect of residual stress on the critical current density for passivation, i crit , and the passive current density, i pass , Figure 9 and Figure 10 show these as functions of residual stress for each specimen. As shown in Figure 9 and Figure 10 , i crit and i pass decrease with the introduced compressive stress for all specimens. In the case of the specimen without a surface finish (specimen A; Electropolish), i crit and i pass are 27 μA/cm 2 and 9 μA/cm 2 at σ R = 19 MPa (t = 0 s), and these parameters rapidly decrease with increasing compressive stress. Those parameters were saturated at 11 μA/cm 2 and 2 μA/cm 2 at σ R = −202 MPa (t = 80 s). In all specimens, i crit and i pass shows same tendencies as the specimen A (Electropolish), and those parameters were decreased by more than 70% by applying a cavitating jet to the backs of the specimens to control the residual stress.
Results

Discussion
The variation of the current density by the surface finish can be explained by the variation of surface activity. The surface finish affects surface conditions such as dislocation, grain size and residual stress etc. In particular, the residual stress is greatly affected by the condition of surface finish such as heat generated by the finishing process [23] [24] . Figure 11 shows an X-ray diffraction profile of the specimens finished by Electropolish (specimen A), Emery paper #800 (specimen B), Rubber polisher #240 (specimen C) and Angle grinder (specimen D). As shown in Figure 11 , the surface finish largely affected X-ray diffraction profile. It is well known that the profile includes much information of the metal surface such as surface texture (dislocation structure, microstrain in grain), grain size and residual stress etc. [25] [26] . The variation of current density depending on surface finish as shown in Figure 6 was attributed to those factors. Y. Wang reported that the surface activity has a large effect on the corrosion resistance of material and the reaction of dislocation on the surface affects the surface activity [27] . The variation of the anodic polarization curve due to the surface finish can be caused by the difference of surface activity, including dislocations, grain size and residual stress. In the view point of the grain size and metallic structure, the nanosize grains and strain induced martensite formed at the surface by shot-peening and ultrasonically peening methods, and they affected the anodic polarization curve, i.e., current density, of the 304 austenitic stainless steel [14] . Also, the high-density grain boundaries can promote the diffusion of chromium and it may strengthen the passive film [28] . It is quite likely that the variation of the current density depends on the surface texture which was changed by the surface finish. Since the critical current density and the current density for passivation of all specimens were reduced by the introduction of compressive stress at surface without the variation of the surface texture, it can be considered with the exception of the factors other than the residual stress. The reduction of the current density by the introduction of compressive stress, as shown in Figure 8 , Figure 9 and Figure 10 , can be considered by the construction and growth of the passive film. The results indicate that the passive film could be constructed and kept by lower current density during the corrosion process compared to that of without the compressive stress. It was reported that the current density of aluminum alloy was reduced by the compressive stress and it can suppress rupture of the passive film contrary to the tensile stress [29] . Although there is a difference the construction behavior of the passive film between the stainless steel and the aluminum alloy, the role of compressive stress might be same as far as an auxiliary role for the construction and maintenance of the passive film goes. In addition, the current density of 316L stainless steel could be reduced by laser-peening and shot peening with introduction of large compressive residual stress, and the compressive residual stress assumes a role of the construction and growth of the passive film in austenitic stainless steel [13] . In viewpoint of an interatomic distance, the compressive residual stress narrows the interatomic distance contrary to the tensile residual stress and the thickening the chromium atoms at surface layer by the compressive residual stress can make it easy to construct, grow and keep the passive film. Further research based on the evaluation of the passive film varying with the residual stress would clarify the effect of residual stress on the corrosion behavior more precisely.
Conclusions
In this paper, in order to demonstrate the effect of residual stress on the corrosion behavior of austenitic stainless steel, corrosion tests using an electrochemical method were conducted on specimens made of Japanese Industrial Standards SUS316L. The specimens were treated by several different surface finishes, and in order to exclude the effect of factors other than residual stress, such as surface texture, micro-strain and grain size, which can affect the corrosion behavior and thereby the generation of a passivation layer, the residual stress in each specimen was varied by generating curvature in it by applying a cavitating jet to the back of it. The conclusions obtained in the present study are summarized as follows.
1) Surface finish caused the residual stress at surface and the anodic polarization curve was affected largely by the surface finish. In addition, the current density such as the critical current density for passivation and the passive current density was decreased rapidly with increasing the compressive stress. Depending on the type of surface finish, those current densities were decreased by more than 70% by introduction of compressive stress.
2) The introduction of compressive residual stress makes producing the passivation film easier regardless of the surface condition varied by surface finish since the passive film can be produced and maintained at low cur-rent density. This might be the reason why the reduction of interatomic spacing due to the compressive stress at surface can facilitate the growth and maintenance of the passivation film. The compressive residual stress enhances not only the mechanical properties but also the corrosion resistance.
